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RF thermal ablationAbstract In this paper, steady state temperature variations in the human brain due to different
electrical and physical changes have been studied considering different thermal ablation treatment
requirements using RF probe. Initially, a subject speciﬁc voxel-based electrical model has been
constructed from Digital Imaging and Communication in Medicine (DICOM) formatted
Computed Tomography (CT) or Magnetic Resonance (MR) based image stacks with different pixel
characteristics using the Hounsﬁeld unit extraction technique. This subject speciﬁc electrical model
that consists of different dielectric constant and conductivity, considering different anatomical
organs and tissues is simulated using commercially available ﬁnite integral technique (FIT) based
EM simulation software CST Microwave Studio. This study clearly shows the possibility of
subject speciﬁc precise ofﬂine microwave thermal ablation treatment planning.
 2014 The Egyptian Society of Radiology and Nuclear Medicine. Production and hosting by Elsevier
B.V. All rights reserved.1. Introduction
Thermal ablation is a medical procedure that destroys or
ablates the abnormal malfunctioning organs, tissues or tumors
(1–3). This procedure is also used for pain control at different
joints and muscles by heat up a small area of nerve tissue and
decreasing pain signals from that speciﬁc area (4). Thermal
ablation can be done by Laser beam or radiofrequency (RF)
probes (5,6). Sometimes a balloon ﬁlled with saline solution
is heated electrically to destroy abnormal body parts, whichis also known as thermal balloon ablation (7,8). The treated
area heals by scarring, which usually reduces or prevents the
scope of bleeding (9).
Radio frequency ablation (RFA) is a procedure in which
part of tumor or other dysfunctional tissue is ablated using
the heat generated from RF alternating current (10,11). The
main advantage of RF low frequency current is that, it does
not interfere with bioelectric signals. Documented beneﬁts have
led to RFA becoming widely used during the last few years
(12,13). RFA procedures are widely performed under image
guidance by anesthesiologists, radiologists, otolaryngologists,
endoscopists or cardiac electro-physiologists (10,13–15).
Direct measurements of electromagnetic (EM) ﬁelds or
zonal EM energy absorptions at RF are not recommended
inside living human body using the invasive techniques. Thus
the absence of feedback information regarding RF exposureed.
Table 1 Structural information in the DICOM header of
MELANIX data.
Dimensions [512, 512, 507]
Slice thickness 2
Rescale slope 1
Rescale intercept 1024
Pixel dimensions [0.9766, 0.9766, 1.5000]
142 M.F. Ali, S. Raymay cause accidental destruction of healthy tissues during
RFA treatment.
In this paper, possibility of pre-treatment ofﬂine RFA
planning is investigated to reduce accidental destruction of
healthy tissues. This procedure is ofﬂine and non invasive in
nature and uses numerical EM/thermal simulation to calculate
EM ﬁeld components, speciﬁc absorption rate (SAR) and
temperature rise inside human body parts (16).
Subject speciﬁc steady state temperature variations in
human brain due to different electrical and physical changes
have been studied considering different thermal ablation
treatment requirements using a variable tip RF probe. Subject
speciﬁc voxel-based electrical model has been constructed
directly from DICOM formatted CT/MR based image stacks
with different pixel characteristics using the Hounsﬁeld unit
extraction technique. This method has been implemented using
in-house developed MATLAB program for this study (17) to
obtain the subject speciﬁc electrical and thermal model that
consists of different dielectric constant and conductivity, con-
sidering different anatomical organs and tissues. This electrical
model is ﬁnally simulated using commercially available ﬁnite
integral technique (FIT) based EM simulation software CST
Microwave Studio (18) to obtain steady state temperature
information.
This study clearly shows the possibility of subject speciﬁc
precise ofﬂine microwave thermal ablation treatment planning
to reduce chances of accidental destruction of healthy tissues
during RFA treatment.
2. Subject speciﬁc RFA planning using CT/MR based DICOM
data and EM–thermal simulation
A simpliﬁed block diagram representing the required steps for
RFA planning and treatment is shown in Fig. 1. The whole
planning process consists of:
1. Read CT/MR scan based DICOM data.
2. Tissue identiﬁcation.
3. Electrical/Thermal model reconstruction.
4. EM–thermal simulation.
Numerical voxel-based computational models of biological
structures are used to investigate the interaction between RF
source and human body parts. Initially, mathematical models
of adults and children were used for this purpose (19,20).
These models were represented by equations of planes,
spheres, cones, ellipsoids, elliptical cylinders or cylinders and
do not conform to the shape of real anatomical organs. To
obtain more accurate result, free and non-free voxel-based
computational models constructed from CT/MR/ultrasound
scan data came in the research domain (21–27). However theseDICOM
data
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Fig. 1 Block diagram of the EM simulation for body parts.models are not suitable for subject speciﬁc investigations. Thus
DICOM data holds crucial role in construction of subject
speciﬁc electrical or thermal model.
2.1. Read CT/MR scan based DICOM data
DICOM is a standard for handling, storing, printing, and
transmitting information in medical imaging and it integrates
different scanners, servers, workstations, printers, and network
hardware from multiple manufacturers into a picture archiving
and communication system (PACS). It includes a ﬁle format
deﬁnition and a network communications protocol. The
National Electrical Manufacturers Association (NEMA) holds
the copyright of DICOM standard. DICOM format is used
extensively for combining the images obtained by CT, MR
and ultrasound devices with metadata to create a rich descrip-
tion of a medical imaging procedure and it has been widely
adopted by hospitals around the world (28).
Each DICOM ﬁle contains a header which is useful for
voxelization of the scanned organ. The header contains a
Service-Object Pair (SOP) instance related to Information
Object Deﬁnition (IOD) (29) which is useful for voxelization
of scanned organ. The voxel-based tomographic computa-
tional model can be constructed by stacking up the medical
images embedded within the DICOM ﬁles (23).Fig. 2 Montage of some sagittal sections extracted from
MELANIX data.
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has been constructed from PET-CT image data set available
in DICOM format. A 278 MB, PET-CT 64 whole body scan
data for alias subject MELANIX is obtained from Osirix
samples (28). Although the subject is a Melanoma patient,
the brain of the subject is used for this study. The method is
general in nature and can be applied to any subject.
The header of the DICOM ﬁle used for modeling the
human head is shown in Table 1. It is seen that the image data
is stored as a 512 · 512 · 507 two-byte pixel array with slice
thickness of 2.0 mm. Image data is stored within the DICOM
ﬁle in the form of pixel cell. A pixel cell is the container for a
pixel sample value and optionally additional bits. A pixel cell
exists for every individual pixel sample value in the pixel data.
As the sample pixel cells are encoded in byte streams, they can
be decoded using in-house MATLAB program. The voxel-
based computational model can be constructed by stacking
up images using the header information. Montage of some
sagittal sections extracted from MELANIX data is shown in
Fig. 2 which were used to construct the 3D voxel model.
Using the header information, MELANIX data is imported
in MATLAB and then reshaped. A partially reconstructed
three-dimensional geometry constructed using MATLAB is
shown in Fig. 3.Fig. 3 Three-dimensional geometrical view of actual DICOM
head model.
Table 2 HU of the tissue used for head model.
Tissue type HU
Lower limit Upper limit
Skin 100 +200
Bone +400 +1000
Muscle +10 +40
Fat 100 50
Blood +30 +45
White matter +20 +30
Grey matter +37 +45
Water 0 0
Mouth cavity/sinuses 1000 10002.2. Tissue identiﬁcation from DICOM data
Pixels in an image obtained by CT scanning are displayed in
terms of relative radio-density. A quantitative radio-density
measuring scale is proposed in 1972 by Godfrey Newbold
Hounsﬁeld (30). The pixel corresponds to the mean radio
attenuation by the tissue is represented on a Hounsﬁeld
scale using a value from 1024 to +3071. Using a linearFig. 4 Three-dimensional voxel-based computational models of
(a) skeleton, (b) CT-bones and (c) brain.
Table 3 Electrical properties of human tissue.
Tissue type er r [S/m] q [kg/m
3]
Skin 38.00 1.46 1010
Bone 11.38 0.39 1850
Muscle 52.73 1.74 1040
Fat 5.28 0.11 920
Blood 58.26 2.54 1060
White matter 36.17 1.22 1030
Grey matter 48.91 1.81 1050
Water 78.00 1.59 1000
Mouth cavity/sinuses 1.00 0.00 1.300
Tip
Movable stainless steel needle Co-axial Hollow cylinder 
Conducting cableMovement
Insulation 
Fig. 5 Customized coaxial RF thermal probe.
Fig. 6 Voxel-based computational RFA model consists of brain
of the subject MELANIX and RF probe.
144 M.F. Ali, S. Raytransformation, the pixel values found in CT data can be
converted in the Hounsﬁeld Units (HU) (31,32):
HU ¼ ðpixel value slopeÞ þ intercept ð1Þ
where, slope and intercept are obtained from the header shown
in Table 1.
Each different tissue has different values of HU by which
the tissue can be identiﬁed and distinguished from other
tissues. It is seen from the literature that HU deﬁned for a
tissue is not always unique. HU used in this study correspond-
ing to the tissues are listed in Table 2 (33,34).
In this study, for simpliﬁcation, the head model is assumed
to be consisted of only nine types of tissues i.e., skin, bone,
muscle, fat, blood, white matter, grey matter, water and mouth
cavity/sinuses.
Voxel-based three dimensional models of the identiﬁed
skeleton, CT-bones and brain obtained by ﬁltering other
tissues using HU are shown in Fig. 4a–c. Brain is assumed
to be consisted of white and grey matter tissues. During extrac-
tion of brain, upper portion of spinal cord is also extracted
with brain but for simplicity in the thermal simulation the
spinal chord is discarded.
By this method, extraction of the voxel-based three dimen-
sional computational models for other organs can also be
done. From the literature, it is found that HU deﬁned for a
tissue is not always unique for which during extraction of an
organ unwanted noise come within the organ itself. In order
to eliminate the noise further ﬁltration of the HU is required.
2.3. Construction of electro-thermal model from 3D DICOM
data
Once the tissue for a particular voxel is identiﬁed, they need to
be associated with different required physical, electrical and
thermal parameters. For EM simulations required electricalTable 4 Thermal properties of human tissue.
Tissue type Cp [J/kg C] K [
Skin 3500 0.5
Bone 1300 0.3
Muscle 3500 0.6
Fat 2300 0.5
Blood 3900 0.4
White matter 3500 0.6
Grey matter 3500 0.6
Water 4184 0.6
Mouth cavity/sinuses 1000 0.0parameters are: dielectric constant and electrical conductivity.
For thermal simulations, physical parameter like mass density
and thermal parameters like thermal conductivity, speciﬁc heat
is required. To take care of Penn’s Bio-Heat equation (35),
heat source due to metabolic process and constants for cooling
effect due to blood ﬂow needs to be associated with all voxels
during EM–thermal simulation.
Electrical and physical properties of different human tissues
are listed in Table 3 (23,36), where er is relative dielectric con-
stant, r is conductivity (S/m) and q is mass density of the tissue
(kg/m3).
Thermal property of different human tissues are listed in
Table 4 (35,37), where, K is thermal conductivity of the tissue
(W/m C), A0 is the heat source due to metabolic process
(J/s m3), Cp is speciﬁc heat of the tissue (J/kg C) and b is a
constant associated with blood ﬂow (W/m3 C).
2.4. Thermo-electromagnetic modeling for deep RF ablation
treatment
2.4.1. EM modeling of RF probe
A customized coaxial RF thermal probe as shown in Fig. 5 has
been used for this study (38). Core of the coaxial RF thermalW/m C] b [W/m3 C] A0 [J/s m3]
0 8652 1000
0 1401 0
0 3488 690
0 816 180
9 0 0
0 37,822 10,000
0 37,822 10,000
0 0
2 0 0
Fig. 7 Steady-state temperature distribution at (a) 500 MHz, (b) 1.0 GHz, (c) 1.5 GHz, (d) 2.0 GHz, (e) 2.45 GHz, (f) 2.5 GHz, (g)
2.75 GHz and (h) 3.0 GHz for 25.0 W input power.
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Fig. 8 Maximum value of steady-state temperature vs. input
power at RF probe for 2.0 mm tip length inserted into the brain.
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Fig. 10 Maximum value of steady-state temperature vs. tip
position for 25.0 W input power setting at the RF probe.
146 M.F. Ali, S. Rayprobe consists of a movable stainless steel needle with diameter
and length of 1.0 mm · 20 mm. The needle is enclosed by a
coaxial hollow cylinder which is 15.0 mm long and 2.5 mm
in diameter. Both the core needle and the hollow cylinder are
insulated, except for the portion of the tip that makes contact
with tissue. During thermal ablation, the insulation prevents
normal tissue from being destroyed along with pathological
tissue. Epoxy-resin has been used as the insulation. The length
of the tip of the needle is adjustable.Fig. 9 Steady-state temperature distribution for 2.0 mm tip length
36.5 W and (c) 38.0 W at 2.45 GHz.2.4.2. EM modeling of voxel-based computational RFA models
consists of brain and RF probe
Voxel-based computational RFA model is constructed by
introducing the RF probe in the Melanix brain model. For
simplicity skull bones are discarded. The length of the tip of
the RF probe, angle of the probe and input power at the probe
have been varied to carry out all parametric studies. Three-
dimensional geometry of the simulation model used for RFA
of brain is shown in Fig. 6. Finally, this voxel-based RFA
computational model is imported into commercially availableinserted into the brain and input power setting of (a) 30.0 W, (b)
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also capable of EM–thermal simulation.
2.5. EM–thermal simulation of RFA model
In this study, EM–thermal simulations have been carried out
using commercially available CST Microwave Studio soft-
ware. This EM tool is also capable of ﬁnding SAR and thermal
simulations and can consider Bio-heat equation for calculating
heat generation in biological tissue due to SAR, metabolic
processes and heat ﬂow by perfusion of blood. It is related
to SAR in the following way (35):
q  Cp @T
@t
¼ Kr2Tþ A0 þ q  SAR b  ðT TbÞ ð2Þ
where, T is temperature of the tissue (C), Tb is blood temper-
ature (C) and SAR is the input EM heating source into the
bio-heat equation.
3. Required parametric studies for RFA planning
EM–thermal simulations have been carried out using commer-
cially available CST Microwave Studio software to study the
effects of frequency, RF power, depth of probe inserted inside
brain tissue and angle of probe with respect to brain surface.
All these parameters hold important role in obtaining opti-
mum thermal rise for ablation treatment. To ablate tumor
effectively and avoid carbonization around the tip of theFig. 11 Steady-state temperature distribution for 2.0 mm tip length i
45 and (c) 90 at 2.45 GHz.electrode due to excessive heating, the tissue temperature
should be maintained in the ideal range of 50–100 C to induce
necrosis (tissue death) (34). Therefore, the main objective of
RFA therapy is to reach and maintain a temperature range
of 50–100 C throughout the entire target volume for at least
4–6 min (38). In this study, during RFA therapy only the
steady-state temperature of the brain tissue for different input
power levels at the coaxial RF thermal probe, depth of probe
inserted inside brain tissue and angle of probe with respect to
brain surface has been considered.
3.1. Effect of variation of frequencies
Variations of steady-state temperature with different operating
frequencies for 25.0 W input power level are shown in
Fig. 7a–h. For all cases RF probe tip length of 2.0 mm is con-
sidered which is inserted into the brain tissue. It is observed
that maximum steady-state temperature is found to be in the
region of the brain which is closed to the tip of the probe
and gradually decreases as the distance from the tip increases.
At steady-state, 55.6 C, 64.3 C, 68.5 C, 73.7 C, 80.2 C,
80.6 C, 81.7 C and 82.0 C temperatures are observed for
500 MHz, 1.0 GHz, 1.5 GHz, 2.0 GHz, 2.45 GHz, 2.5 GHz,
2.75 GHz and 3.0 GHz, respectively. Thus, maximum steady-
state temperature rises with frequency for constant applied
power, probe position and probe angle which is possibly due
to higher RF current concentration near the probe needle
and smaller depth of penetration at higher frequencies. Itnserted into the brain and 25.0 W input power setting at (a) 0, (b)
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Fig. 12 Maximum value of steady-state temperature vs. tip
length inserted into the brain with 25.0 W input power at the RF
probe.
148 M.F. Ali, S. Raycan also be concluded here that RFA with higher frequencies
are more useful for smaller areas.
3.2. Effect of variation of RF power
Variations of maximum value of steady-state temperature with
input power at RF probe for 2.0 mm length of the tip inserted
into the brain at 2.45 GHz frequency are shown in Fig. 8.
From ﬁgure it is seen that at steady-state temperature of
102.0 C, 100.0 C, 97.3 C, 88.7 C, 80.1 C, 71.4 C,Fig. 13 Steady-state temperature distribution for 25.0 W input powe
and (c) 3.0 mm at 2.45 GHz.66.7 C, 56.6 C, 51.6 C, 46.6 C and 41.5 C are observed
for 38.0 W, 36.5 W, 35.0 W, 30.0 W, 25.0 W, 20.0 W, 15.0 W,
10.0 W, 7.5 W, 5.0 W and 2.5 W input power levels, respec-
tively. It is seen that 7.5–36.5 W input power levels are found
suitable for RFA of human brain, in order to keep the
temperature within the ideal ablation temperature range of
50–100 C.
Variations of steady-state temperatures inside human brain
for 30.0 W, 36.5 W and 38.0 W input power levels are shown in
Fig. 9a–c. It is found that with the decrease of input power,
peak value of steady-state temperature decreases but the
characteristics of the temperature distribution remain almost
the same. It can be observed here that for higher input power
the RFA takes place over larger area. However, for quick
ablation higher input power level is suggested.
3.3. Effect of variation of probe angular position
Variations of maximum value of steady-state temperatures
with different probe angular position with respect to brain
surface for input power level of 25.0 W and 2.45 GHz
frequency are shown in Fig. 10. For all cases RF probe tip
length of 2.0 mm is considered which is inserted into the brain
tissue. From ﬁgure it is seen that at steady-state temperature of
80.2 C, 84.6 C and 88.3 C are observed for 0, 45 and 90
angular position of the probe. From Fig. 10, it is seen that
peak value of steady-state temperature is obtained at 90
angular position. It can be concluded that the probe be placedr with the tip length inserted into the brain (a) 0.5 mm, (b) 2.0 mm
Table 5 Thermal response for prober operation.
Input parameters Limits Values Steady-state
temperature (C)
Input frequency Lower limit 500 MHz 46.3
Mid value 1.75 GHz 61.8
Upper limit 3.0 GHz 89.7
Input RF power Lower limit 2.5 W 39.8
Mid value 20.25 W 61.8
Upper limit 38.0 W 83.9
Probe angular position Lower limit 0 52.9
Mid value 45 61.8
Upper limit 90 74.6
Probe length Lower limit 0.5 mm 50.6
Mid value 3.25 mm 61.8
Upper limit 6.0 mm 155.3
Ofﬂine RF thermal ablation planning using CT/MRI scan data 149tangentially with respect to the brain surface to achieve higher
temperature.
Variations of steady-state temperatures for 0, 45 and 90
angular position are shown in Fig. 11a–c. During RFA,
depending upon on the situation the angular position be varied
to obtain different temperature.
3.4. Effect of variation of probe length
Variations of maximum value of steady-state temperatures
with different tip lengths inserted into the brain for input
power level of 25.0 W and 2.45 GHz frequency are shown in
Fig. 12. From Fig. 12, it is seen that with increase of insertion
depth, RF power is distributed over more tissue area resulting
in lowering of temperature value. From the ﬁgure, it is also
seen that for insertion depth between 6.0 mm and 0.5 mm into
the brain is suitable for ideal RFA of human brain, in order to
keep the temperature level within the range of 63–150.1 C.
Variations of steady-state temperatures inside human brain
for 0.5 mm, 2.0 mm and 3.0 mm tip length inserted into brain
are shown in Fig. 13a–c. It is found that with the decrease of
tip length inserted into brain, peak value of steady-state tem-
perature increases and the area over which RFA takes place
also decreases. Therefore, it is suggested that initially RFA
should be started with minimum insertion depth then accord-
ing to the requirement tip insertion into the brain be increased.
It is observed that steady-state temperature level of 61.8 C is
observed when input frequency, RF power, probe angular posi-
tions and probe length are kept at themid-value of their individ-
ual variation range i.e., 1.75 GHz, 20.25 W, 45 and 3.23 mm,
respectively. Values of steady-state temperature obtained by
varying each of the input parameters for their ranges of varia-
tions are shown in Table 5. It can be observed from the table
that all the parameters are responsible for temperature varia-
tion at the probe tip but requirement may include speciﬁc tissue
area/mass inclusion or exclusion. Which is in fact a discrete
optimization problem and can be solved using optimizers inte-
grated in modern EM tools or can be optimized manually.
4. Conclusions
EM modeling of the biological structures has an important
role in bio-electromagnetic and Electromagnetic Compatibility(EMC) in order to carry out simulations of the EM interaction
between biological structures and electronic wireless communi-
cation and microwave devices. In this study, three-dimensional
voxel-based computational models of CT-bones and brain
have been extracted from DICOM ﬁle using very simpliﬁed
method and the brain model has been applied for planning
of microwave thermal ablation treatment. However, more
sophisticated methods are available in the literature to provide
more accurate tissue identiﬁcation from DICOM ﬁle (39,40).
With a customized coaxial RF thermal probe, RFA in the
human brain which is extracted from DICOM data has been
carried out using CST Microwave Studio. During RFA ther-
apy variations of steady-state temperatures of the brain tissue
for different operating frequency, power input at the coaxial
RF thermal probe, tip length inserted into brain and angular
position of the probe with respect to the brain surface have
been obtained. Effect of variations of input power levels, probe
length inserted into brain and probe angular position with
respect to brain surface on the steady-state temperature have
been studied for a ﬁxed operating frequency. From steady-
state temperature distributions inside the brain, it is found that
maximum value of steady-state temperature is obtained in the
region of the brain which is closed to the tip of the probe and
gradually decreases as the distance from the tip increases.
From the study, it is found that at 2.45 GHz frequency for
tip length of 2.0 mm and 90 angular position 7.5–36.5 W
input power levels are suitable for RFA of human brain, in
order to keep the temperature within the ideal ablation temper-
ature range of 50–100 C. At the same operating frequency for
input power level of 25.0 W, it is found that for insertion depth
between 6.0 mm and 1.25 mm into the brain is suitable for
ideal RFA of human brain, in order to keep the temperature
level within the range of 63–100 C.
This parametric study will be helpful in case of medical
application where RFA is applied. As the ablation is an irre-
versible process so before performing the actual RFA treat-
ment one can perform the demo/ofﬂine RFA using this
proposed method without need of real subject to know the
important parameters of RFA for getting the desired result.
With prior knowledge obtain by executing the demo RFA,
more accurate RFA treatment can be provided reducing
chances of accidental destruction of healthy tissues during
the RFA treatment.
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